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a b s t r a c t
The high manganese austenitic steels with low stacking fault energy (SFE) present outstanding mechan-
ical properties due to the occurrence of two strain mechanisms: dislocation glide and twinning. Both
mechanisms are anisotropic. In this paper, we analyzed the effect of monotonous loading path on the
texture, the deformation twinning and the stress–strain response of polycrystalline high Mn TWIP steel.
Experimental data were compared to predicted results obtained by two polycrystalline models. These
two models are based on the same single crystal constitutive equations but differ from the homogeniza-
tion scheme. The good agreement between experiments and calculations suggest that the texture plays a
key role in twinning activity and kinetics with regard to the intergranular stress heterogeneities. Rolling
direction simple shear induces single twinning while rolling and transverse direction uniaxial tensions
induce multi-twinning leading to lower twin volume fractions due to twin–twin interactions.
1. Introduction
The high manganese austenitic steels with low stacking fault
energy (SFE) present outstanding mechanical properties, with a
good compromise between mechanical resistance and ductility
[1–3]. The deformation of Fe–Mn–C TWIP steels involves two main
strain mechanisms: dislocation glide and twinning. The volume
fraction of twins increases with the strain, reducing continually
the mean free path of the dislocations. This is called the TWIP
effect (Twinning Induced Plasticity), which can be interpreted
as a dynamical Hall–Petch effect [4,5]. In order to optimize the
mechanical properties of Fe–Mn–C TWIP steels, grain refinement
was achieved up. Literature results revealed that decreasing grain
size results in increasing the twin stress and so can lead to an
inhibition of twinning [6,7]. However, the effect also strongly
depends on the chemical composition of the steel. Ueji et al. [7]
did not observe anymore twin for an average grain size of 1.8m
for Fe–31wt%Mn–3.0wt%Al–3.0wt%Si TWIP steel whereas Barbier
et al. [8] and Gutierrez-Urrutia et al. [6] observed twinning for an
average grain size of ∼2.6m to 3m and Fe–22wt%Mn–0.6wt%C
TWIP steel. Concerning the role of grain orientation in Fe–Mn–C
TWIP steel, literature results [1,6,9–11] demonstrated that grain
orientation played the most dominant role to promote twinning
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at low-strain levels. For tensile loading, they found that the grains
rotate toward the 〈111〉//tensile axis which favored twinning. This
analysis is based on the fact that deformation twinning is observed
in grains which fully comply with Schmid’s law under the assump-
tion that slip and twinning have equal critical resolved shear stress.
It also neglected the presence of stress heterogeneities within the
material. Yet, a deviation from Schmid’s law is also observed at
larger strains mainly attributed to the presence of such stress het-
erogeneities at the grain scale. In general, stress heterogeneities
can be classified into (1) intergranular heterogeneities due to
the misorientation between neighbored grains boundaries and (2)
intragranular heterogeneities due to the occurrence of twinning
and dislocation structures.
To assess the mechanisms responsible for strain hardening
behavior, physically based-constitutive equations are very useful.
Among them, we can distinguish polycrystalline models which
account for the polycrystalline nature (they account for the role
of individual grain orientation and use mean or full field homog-
enization approaches to get the overall behavior [4,12–15]) from
models using the average Taylor factor [16–19]. The latter are very
useful for material design but not sufficient to predict the behav-
ior and the microstructure changes for various loading paths. Both
types of model introduced physically base constitutive equations
relating the shear stress to the shear strain or strain rate. However,
thepolycrystallinemodels distinguish the various grain orientation
slip/twin systems and their anisotropic interactions. The polycrys-
tal response results from the response of individual grains and their
mechanical interactions. As a consequence, they are suitable to pre-
dict intergranular stress/strain heterogeneities, texture evolution
and flow curves for various loading paths.
The aim of the paper is to assess interpretation suggested from
experimental results obtained for Fe–22wt%Mn–0.6wt%C steel
sheet under tensile loading in the Transverse Direction (TD) [8,9]
and in RollingDirection (RD).We focussed on the role of the texture
on twinning activity. We also investigated the role of intergranular
stresses using two homogenization schemes: the Taylor approx-
imation [20] and an approximation based on the self-consistent
method called the translated field model [21]. After tensile loading,
we extended comparisons between experiments and calculations
to RD shear loading to investigate the impact of the loading path
on the strain hardening behavior of such material.
2. Experimental procedures
2.1. Material
The studied material is an austenitic Fe–Mn–C steel (face
centered cubic structure), with a high manganese content. The
composition was determined to have a rather low value of the
Stacking Fault Energy (SFE) to promote mechanical twinning and
TWIP effect (SFE≈20mJm−2) [3,22]. The optimal chemical compo-
sition for the best compromise between ductility and strength at
room temperature is Fe–22wt%Mn–0.6wt%C [3]. This TWIP steel,
developedbyArcelorMittal ResearchSAwasprovided for this study
as a 1.3mm thick sheet.
The thermo-mechanical processes (hot and cold rolling) and the
annealing treatments result in an equiaxedmicrostructure,with an
average grain size of 2.6m.
2.2. Mechanical testing
Various mechanical tests were performed at two temperatures.
First, a tensile test was conducted at 673K. The Tensile Axis (TA)
was chosen parallel to the sheet Rolling Direction (RD). At this tem-
perature, the SFE is about 80mJm−2 [22], which is sufficiently high
to inhibit mechanical twinning. Hence, the material is then only
deformed by crystallographic slip. The parameters of the model
related to dislocation glide can thus be identified.
Tensile tests were performed at room temperature according
to RD and Transverse Direction (TD) [1,8]. In this study, we more-
over investigated simple shear. Simple shear tests were conducted
on a biaxial testing machine using double shear specimen geom-
etry at Liège University [23]. The shear direction was parallel to
the RD. All mechanical testing were conducted at low strain rate
(ε˙ = 10−4 s−1) up to the fracture of the specimen. The equiva-
lent stress and strain for the shear test are calculated with a Hill48
yield criterion [24] in order to account for the initial texture. Inter-
rupted tests at equivalent strains of εeq = 0.1, 0.2 and 0.3 were
conducted to investigate the specimen texture and microstruc-
ture. The experimental stress–strain curves are presented in
Fig. 1.
2.3. Texture analyses
The global deformation textures were measured by X-ray
diffraction with Cr K radiation. Because of the small width of the
gage area of the sheared samples, a special measurement proce-
dure was developed [25]. The experimental poles figures {200},
{220} and {111} allow the calculation of the Orientation Distri-
bution Function (ODF) [26]. To represent the texture evolution,
the recalculated {100}, {110} and {111} poles figures and the
ϕ2 = 0◦/ϕ2 =45◦ ODF sections are used.
To characterize the texture sharpness and its evolution during
the deformation, the Texture Index (TI) is used, which is calculated
by, TI =
∮
f(g)2 dg, where f(g) is the ODF.
To compare the experimental and simulated textures, the cor-
relation function T(g) is defined as follow:
T(g) =
∫
f (g)exp dg
∫
f (g)sim dg√∮
f (g)2exp dg.
√∮
f (g)2sim dg
=
∫
f (g)exp dg
∫
f (g)sim dg√
TIexp.
√
TIsim
(1)
with f(g)exp the ODF determined from the experimental tex-
ture and f(g)sim from the simulated one. If T(g) = 1, both texture
(experimental and simulated) are identical. The more the two tex-
tures diverge, smaller will be the value of the correlation function.
Fig. 1. Experimental stress–strain curves for the tensile tests at 293K and 673K along the RD and TD, and the shear test at 293K along RD.
2.4. Microstructure analyses
To obtainmore information about the deformationmechanisms
and the TWIP effect during tensile and shear tests, microstructures
were investigated at twodifferent scales:microscopicwith a Trans-
mission Electron Microscope (TEM) and mesoscopic using a Field
Emission Gun Scanning Electron Microscope (FEG SEM) equipped
with Electron Back Scattered Diffraction (EBSD) system. TEM anal-
yses were performed on samples strained in tension (TA//TD) at
different levels. All microstructural observations were performed
in the RD–TD plane.
3. Elasto-viscoplastic polycrystalline model
We consider a Representative Volume Element (RVE) includ-
ing 3000 grain orientations to estimate the overall behavior of
the high Mn TWIP steel polycrystal of interest. We used an
elastic–viscoplastic single crystal constitutive equation based on
crystal plasticity issued from [15]. The overall behavior is deduced
from two homogenization schemes: Taylor’s approximation [20]
and the translated field model developed by Sabar et al. [21].
3.1. Single crystal constitutive equation
Adopting the small strain hypothesis, the local strain rate ε˙
is decomposed into an elastic part ε˙e and a viscoplastic part ε˙vp
(Maxwell’s model). Here, we consider the average variables over a
grain orientation.
ε˙ij = ε˙eij + ε˙
vp
ij
(2)
The elastic anisotropy is neglected with regard to the plastic
anisotropy so that the tensor of elastic moduli C depends only on
the elastic shear modulus  and Poisson’s ratio . Hooke’s law is
written:
˙ij = Cijkl(,) : ε˙eij (3)
where ˙ is the average stress rate tensor over a grain orientation.
As described fully in [15], the viscoplastic deformation accounts
for the two inelastic strainmechanisms involved in thedeformation
of TWIP steel, i.e. crystallographic slip and mechanical twinning.
Thus, the viscoplastic strain rate is written (3):
ε˙vp
ij
=
⎛
⎝1 − N(h)∑
h
f (h)
⎞
⎠ N(g)∑
g
R(g)
ij
˙ (g) +
N(h)∑
h
Rtw(h)
ij
f˙ (h)tw (4)
with
R(g)
ij
= 1
2
(t(g)
i
n(g)
j
+ t(g)
j
n(g)
i
) (5)
and
Rtw(h)
ij
= 1
2
(ttw(h)
i
ntw(h)
j
+ ttw(h)
j
ntw(h)
i
) (6)
The indexes (g) and (h) are related to the slip and twin sys-
tems, respectively. tw(h) refers to twinning mechanisms on the
system h.
R(g)
ij
and Rtw(h)
ij
are the Schmid tensors associated with the
slip/twin systems, respectively, with normal n(g),tw(h) and slip/twin
directions t(g),tw(h). They are calculated, respectively, for 12 poten-
tially {111}〈110〉 slip systems and {111}〈112〉 twinning systems
(which supposes that twins nucleate thanks to intrinsic stack-
ing faults). ˙ (g) is the slip rate of the system (g), f(h) denotes the
volume fraction of the twinned regions associated with the sys-
tem (h), N(g) and N(h) represent the number of potentially active
slip and twin systems, respectively. The mechanical twinning rate
˙ tw(h) = f˙ (h)tw depends on the twin volume fraction rate and the
characteristic twin shear tw = 1/
√
2.
This approach has been followed by many authors to describe
twinning [14,27,28]. The crystallographic slip rate ˙ (g) is described
using a multi-slip systems approach according to [29]:
˙ (g) = ˙0
(
(g)

)2
exp
(
−	G0
kT
(
1 −
(∣∣(g)∣∣
(g)r
)))
sign((g)) (7)
where (g) is the resolved shear stress associated with the slip (g)
and is calculated by
(g) = R(g)
ij
ij (8)
˙0 is a reference slip rate,  is the elastic shear modulus, T is the
absolute temperature, k is the Boltzman constant, 
G0 is the acti-
vation energy required to overcome an obstacle without any help
of stresses (when (g) = 0). The reference shear stress (g)r , for a slip
system (g), evolves with the densities of the forest dislocations (h)
and is expressed by the following expression [30]:
(g)r = (g)r0 + ˛b
√∑
h
a(gh)(h) (9)
(g)r0 is the initial reference shear stress of the gth system (identical
on all the slip systems and all the grains), ˛ is a material constant
representing the resistance of the forest dislocations, b is the mag-
nitude of the Burgers vector and a(gh) is the symmetric (12×12)
slip–slip interaction matrix inspired of the Francoisi’s work [30].
The dislocation density evolution law from Kocks and Mecking
[31] takes into account the storage and the dynamic recovery of
dislocations and is expressed as:
˙(g) = 1
b
(
1
L(g)
− ˇ(g)
)
|˙ (g)| (10)
ˇ is a parameter which describes the dynamic recovery. L(g) is the
dislocation Mean Free Path (MFP) of the system (g) calculated by
Eq. (14).
The evolution of the twin volume fraction, which is considered
as an internal variable, is given by:
f˙ (h) = f˙0
(
1 −
12∑
t=1
f (t)
)(
tw(h)
tw(h)c
)
when tw(h) > tw(h)c (11)
where tw(h) is the resolved shear stress associated with the twin-
ning system (h) and is calculated by:
tw(h) = Rtw(h)
ij
ij (12)
f˙0 is the reference twinning rate. The critical shear stress for twin-
ning tw(h)c is obtained from experimental data. If this critical shear
stress is not reached, i.e. tw(h) ≤ tw(h)c , no twins are activated, and
then f˙ (h) = 0. This power type evolution law for the twin volume
fraction rate is inspired fromKalidindiwork’s [28]. In this approach,
and conversely of Proust work’s on hexagonal materials [32], no
de-twinning is allowed (i.e. f˙ (h) ≥ 0), which is consistent with our
experimental observations.
The evolutionof the twinning shear stress is describeusing a law
proposed byKalidindi [13],which takes into account the twin–twin
interactions and distinguishes the coplanar and non-coplanar twin
systems.
˙tw(t)c = htwncp
(
12∑
t=1
f (t)
)˛ ∑
twf˙ (k)︸ ︷︷ ︸
k∈ non-coplanar twin system with t
+htwcp
(
12∑
t=1
f (t)
) ∑
twf˙ (k)︸ ︷︷ ︸
k∈ coplanar twin system with t
(13)
˛, htwncp and h
tw
cp are parameters that have to be adjusted to describe
the twinning kinetics.
The effect of twinning on the hardening is taken into account in
the expression of the Mean Free Path (MFP) of the dislocations. L(g)
represents the MFP of the dislocations of the (g) system and takes
into account the obstacles to the dislocation motion. In materials
which are only deformed by slip, the mean free path depends on
the grain boundaries and on the dislocation–dislocation interac-
tions. In the case of TWIP steels, twins act as strong obstacles to the
dislocation motion. The expression of the MFP is then:
1
L(g)
= 1
D
+
√∑
i /= g
i
K
+ Bgh f
(h)
2re
(
1 −
∑12
k=1f
(k)
) (14)
D is the effective grain size, K is a constant. The last term of Eq. (14)
represents the spacing between the twins secant to the slip system
(g) according to Allain et al.’s work [27]. It depends on the twin
volume fraction f, the mean twin thickness e and the mean num-
ber of twins per stack r. These two parameters, e and r, are chosen
to be constant during the deformation for all twin systems. This
point will be highlighted in the next section. However, Soulami et
al. [18] showed that the thickness of the deformation twins depend
strongly on the grain size and grain orientation (10–70nm for sim-
ilar conditions as ours).
Bgh represents the slip–twin (respectively, g and h index) inter-
action matrix defined as followed:
Bgh =0 if (g) slip system and (h) twin system are coplanar.
Bgh =1 if (g) slip system and (h) twin system are secant.
Finally, combining Eqs. (4), (7), (8), (11) and (12), the local vis-
coplastic strain rate can be written:
ε˙vp
ij
= mijklkl (15)
where the tensor of viscoplastic compliances m is written
mijkl =
N(g)∑
g
⎛
⎝1 − N(h)∑
h
f (h)
⎞
⎠ ˙0 |(g)|
× exp
(
−
G0
kT
(
1 −
(∣∣(g)∣∣
(g)r
)))
sign((g))R(g)
ij
R(g)
kl
+
N(h)∑
h
tw
f˙0
tw(h)c
(
1 −
12∑
t=1
f (t)
)
Rtw(h)
ij
Rtw(h)
kl
(16)
Fig. 2. Schematic representation of the homogenization scheme.
The grain rotations due to slip are given by the evolution of the
Euler angles as defined by Bunge and Fuchs [33].
ϕ˙1 =
sin ϕ2
sin 
· ω˙r13 −
cos ϕ2
sin 
· ω˙r21
ϕ˙2 = cos  ·
(
cos ϕ1
sin 
· ω˙r13 +
sin ϕ1
sin 
· ω˙r23
)
+ ω˙r21
˙ = − cos ϕ2 · ω˙r23 + sin ϕ2 · ω˙r13
(17)
where ϕ1, , ϕ1 are the Euler angles. In small strain hypothesis, the
lattice rotation of each grain is given by:
ω˙rij = ω˙ij − ω˙
vp
ij
(18)
where ω˙ is the total spin tensor due to interactions between each
grain with its surroundings. For spherical grains and when assum-
ing isotropic modulus, it can be shown that [34]:
ω˙ij = ˙˝ ij (19)
where ˙˝ is the macroscopic spin tensor.
Here, we assumed that ˙˝ = 0 and that the lattice rotation ω˙r
ij
of each grain results from the crystallographic slip in the untwined
region. In other words, we neglected texture associated with twin-
ning since the twin volume fraction remains low (<10%) during the
deformation. It leads:
ω˙rij = −
(
1 −
Ntw∑
n
f (h)
)∑
g
R⊥(g)
ij
˙ (g) (20)
where
R⊥(g)
ij
= 1
2
(t(g)
i
n(g)
j
− t(g)
j
n(g)
i
) (21)
3.2. Homogenization scheme
Accounting properly for the interaction of the grains with their
surroundings is of the most importance in any polycrystal model.
The strength of such interaction dictates how much overall defor-
mation will be accommodated the grain and its surroundings. The
classical Taylor model assuming the hypothesis of equal strain or
here strain rate in every grain fulfils the compatibility conditions
and is known to give a good description of texture development
in anisotropic materials such as low SFE fcc metals [12,35] and
hcp metals [36]. However, it results to an extremely rigid inter-
action because it describes pure elastic interactions. Sabar et al.
[21] developed an interaction law which successfully represents
the elastic–viscoplastic interactions between grains. This model,
labelled as the translated field model, is inspired from the self-
consistent approximation. In this work, both interactions law are
used in order to estimate their relevance for the Fe–Mn–C steel
response in stress–strain curves, twinning kinetics and texture
development for different loading paths. The scheme adopted to
obtain the global behavior of the polycrystal is given in Fig. 2.
The interaction law for the Taylor assumption [20] is written:
E˙ = ε˙ (22)
where E˙ the macroscopic strain rate tensor.
Fig. 3. TEM analyses on samples deformed in tension (a) at εt =0.05 and (b) at εt =0.3.
The interaction law for the translated field model inspired from
self-consistent approximation Sabar et al. [21] is written:
˙ = ˙˙ − C : (I − SE) : (ε˙vp − ABe : E˙vpe) (23)
˙˙ is the macroscopic stress rate. I is the identity tensor and SE
is the elastic Eshelby tensor. AB
e
the localization tensor of the
viscoplastic strain rate calculated by the self-consistent approxi-
mation associatedwith a pure viscoplastic heterogeneous problem.
E˙vpe the overall viscoplastic strain rate equal to the average of
the local viscoplastic strain rate over the RVE for elastic homoge-
neous materials, i.e. E˙vpe = ε˙vp. The present scale transition model
is based on the introduction of a viscoplastic strain rate translated
field so that the real viscoplastic strain rate field is written as the
sum of a reference strain rate field (the translated field) and some
fluctuations .The translated field is chosen as the solution of the
purely viscoplastic heterogeneous problem AB
e
: E˙vpe. As a result,
the translated field and the fluctuations change along the defor-
mation as the applied loading but also the grain responses change
(non linear behavior). This provides an accurate estimation of the
interactions deformation between grains when the self-consistent
approximation is performed”. Further details are found in Sabar et
al. [21] The model was implemented using an incremental explicit
scheme. The stress–strain response and the microstructure evolu-
tion of the polycrystal were predicted by applying constant strain
rate tensor to the polycrystal. At each time increment, the tensor of
viscoplastic moduli the localization tensor of the viscoplastic strain
rate are calculated assuming a pure viscoplastic heterogeneous
problem. Then, the rate of the local variables including the stress
and strain rates are deduced from the interaction law and single
crystal constitutive equations. Using an averaging procedure, the
macroscopic stress rate is determined. Finally, the local variables
including the local stress and strain and the macroscopic variables
are updated after each time increment.
4. Results and discussion
4.1. Experimental results
The results concerning themicrostructural evolutions in tension
are recalled. More detailed can be found in [8,9]. Fig. 3 shows dark
field images on samples strained at εt =0.05 and 0.3. These analyses
show that:
(i) Twins are activated in the earlier stage of deformation, i.e. at
εt =0.02.
(ii) At εt =0.05, some grains exhibit two twinning systems as
shown in Fig. 3a. The mean twin thickness is 30nm.
(iii) With increasing the strain, the thickness remains constant but
the number of twins per bundles increases (Fig. 3b).
To obtain more information about the deformation mecha-
nisms of this high Mn TWIP steel, a large number of high resolution
Fig. 4. Band contrast maps (a) tensile RD; (b) tensile TD; and (c) shear RD.
Fig. 5. Initial texture represented by the {100}{111} recalculated pole figures and ϕ2 = 0◦ – ϕ2 = 45◦ ODF sections. Levels: 1-2-3-4-5-6-7-8-9-10. The stable orientations are
also indicated for the tensile tests (a) and for the shear test (b).
Fig. 6. Experimental and predicted stress–strain curves for (a) the RD tensile tests (room and 673K temperatures); (b) the TD tensile test (room temperature); and (c) the
RD shear test (room temperature).
Fig. 7. Experimental and predicted texture for the RD tensile test εt =0.3 (a) experimental; (b) using the translated field model; and (c) using a Taylor approximation. Levels:
1-2-3-4-5-6-7-8-9-10.
EBSD scans were performed on the samples for each mechanical
tests, and thus at different strain levels. Fig. 4 presents the results
obtained on samples strained at εt =0.3 in tension and shear
loading. The main features that can be deduced from these EBSD
scans are:
(i) In tension, almost all the grains exhibit one or two twinning
systems. The proportion of grains having one twinning system
is above the one having two twinning systems.
(ii) The volume fraction of twins is higher in the RD case [1].
(iii) In shear testing,most of the grains exhibit one twinning system.
(iv) For the shear testing, around 10% of the grains are only
deformed by crystallographic slip (no twinning system is vis-
ible) compared to the few un-twinned grains during tensile
testing.
(v) In all cases, the volume fraction of twins remains low, i.e. less
than 10% [8].
4.2. Parameters identification
We simulated RD and TD tensions as well as RD simple shear to
assess the role of the texture and the intergranular stresses on slip
and deformation twinning and stress–strain responses. The param-
eters of the model which are given in Table 1 can be divided in
three groups, material parameters (MP), slip parameters (SP) and
twinning parameters (TP). They are either determined from bibli-
ography, by experimental measurements (EM) or by curve-fitting
(CF). For the curve-fitting, we used RD tensile tests at 673K and
293K. First, the material parameters (MP) are:
(i) The shear modulus =65GPa (determined by Dynamic
Mechanical Thermal Analysis [27]).
(ii) The initial dislocation density 0 =1×1013 m−2 (estimated by
X-ray diffraction [37]),
(iii) The mean grain size D=2.6m (measured by EBSD).
The second group is the slip parameters (SP). These parameters
are obtained using the tensile test at 673K. In fact, at this temper-
ature, the SFE is sufficiently high to inhibit mechanical twinning.
The material is then only deformed by crystallographic slip.
(i) The initial reference shear stress (g)r0 is equal to 135MPa (mea-
sured using the stress–strain curve and assuming that the yield
stress is about twice higher than (g)r0 ).
(ii) The Burgers vector equal to 0.256nm [27].
(iii) The dynamical recovery ˇ, the reference slip rate ˙0 and the
parameter K link to the forest dislocations are adjusted to
match the stress–strain curve at 673K.
Fig. 8. Experimental and predicted texture for the TD tensile test εt =0.3 (a) experimental; (b) using the translated field model; and (c) using a Taylor approximation. Levels:
1-2-3-4-5-6-7-8-9-10.
(iv) The activation energy for slip
G0, adjusted to 1eV (close from
the value 0.1b3 [38,39]),
The obtained SP are then kept constant for the subsequent sim-
ulations at 293K. Finally, the twinning parameters are determined
using the tensile curve at 293K, where both deformation mecha-
nisms, slip and mechanical twinning, are activated.
(i) The mean twin thickness e and the mean number of twins per
bundles are determined with the TEM analyzes.
Table 1
Values of the physical constants and identified parameters.
Symbol Value Meaning Determination
Material parameters
 65GPa Shear modulus [27]
0 1.1013 m−2 Initial dislocations density [37]
D 2.6m Mean grain size EM
Slip parameters
(g)
r0 135MPa Initial reference shear stress EM
ˇ 9×10−9 Dynamic recovery coefficient CF
b 0.256m Burger vector [27]
k 33.5 Dislocations forest interaction coefficient CF
˙0 5.77×105 s−1 Reference slip rate CF

G0 1 eV Activation energy [39]
[38]
Twinning parameters
e 30nm Mean twin thickness EM
(tw)c 200MPa Critical shear stress for twinning EM
f˙0 5×10−5 s−1 Twinning rate reference CF
˛ 0.01 Hardening parameters CF
htwncp 3.5×103 Twinning kinetics parameter CF
htwcp 1.5×104 Twinning kinetics parameter CF
(ii) The critical shear stress for twinning tw(h)c is adjusted from the
experimental observations, i.e. to start the twinning activity
at εeq = 0.02. Gutierrez-Urrutia et al. [6] observed that at low
strain, a strong influence of grain orientation on deformation
twinning is observed which fully complies with Schmid’s law
under theassumption that slip and twinninghaveequal critical
resolved shear stress. In our case, tw(h)c was taken a bit higher
than (g)r0 to start the twinning activity at εeq = 0.02.
(iii) The parameters linked to the twinning kinetics (f˙0, ˛, htwncp and
htwcp ) are adjusted from the experimental results.
All these parameters are either deduced from experimental
measurements or adjusted on tensile tests (673K and 293K) in the
RD. To simulate the tensile test along the TD and the shear test
along the RD, the parameters are kept constant, i.e. no new identi-
fication is performed. This strategy is used to analyze the predictive
capacities of the model.
The initial texture (Fig. 5), measured by X-ray diffraction, has
beendiscretized in a RepresentativeVolumeElement (RVE) of 3000
individual orientations.
4.3. Results and discussion
The model proposed in Section 3 is now applied to simulate
the deformation behavior, the texture evolution and the twinning
kinetics of the Fe–Mn–C TWIP steel. Three mechanical testing are
simulated: tensile tests along RD and TD and simple shear along RD
in the RD–TD plane.Stress–strain responses
The predicted and experimental stress–strain curves are repre-
sented in Fig. 6. First, the simulations of the RD tensile test are
showed in Fig. 6a. The test at 673K is fitted to obtain the slip
parameters with the translated field model. Then the simulation
is performed at room temperature. The curve is fitted to obtain the
twinning parameters. The earlier stages of the deformation, cor-
responding to the micro-plasticity stage, are not well reproduced.
These discrepancies are due to the use of a pure viscoplastic frame-
work to describe plastic mechanisms (see, e.g. [29]). Indeed, no
threshold shear stress (critical shear stress) was introduced to con-
trol the onset of slip. As a result, all the slip systems are active as
soon as the stress is not null (though at very small slipmagnitudes),
leading to a smooth elastic–plastic transition. After 0.05 true strain,
experimental and predicted curves are in good agreement. With
Fig. 9. Experimental and predicted texture for the RD shear test at εt =0.3 (a) experimental; (b) using the translated field model; and (c) using a Taylor approximation. Levels:
1-2-3-4-5-6-7-8-9-10.
Fig. 10. Evolution of the correlation function for both the translated field model and the Taylor approximation (a) RD tensile test; (b) TD tensile test; and (c) RD shear test.
the Taylor assumption, the stress is over estimated during all the
deformation, as expected.
The model is then used to simulate the tensile test along the TD
direction and the shear test along the RD direction (Fig. 6b and c).
Because the initial texture is very smooth, the material does not
exhibit a strong mechanical anisotropy between the TD and the RD
direction. Again, the Taylor assumption results in an over estima-
tion of the stress. The predicted equivalent stress–strain response
of the material in simple shear is found very close to the RD and TD
tension stress–strain responses though the flow stress is slightly
lower as in the experiments.Texture evolution
The initial texture is quasi-isotropic with a rather low Tex-
ture Index=1.23 (Fig. 5). However we can distinguish two smooth
component: {110}<001> Goss and {112}〈111〉 Copper, with,
respectively, an intensity of 2.9 and 1.5. The stable orientations for
fcc metals obtained during tension [26,40] and shear deformation
[41,42] for metals deforming by slip alone are presented in Fig. 5a
and b.
The predicted textures for the threemechanical tests (RD tensile
test, TD tensile test andRDshear test) are represented, respectively,
in Figs. 7–9. All the textures are given for an equivalent strain of 0.3.
The experimental texture is given in (a), the textures predicted by
the translated field model and the Taylor model are shown in (b)
and (c), respectively. For the tensile tests, theϕ2 =45◦ ODF section is
represented using orthorhombic symmetry. In the case of the shear
deformation, the monoclinic symmetry is applied.
RDuniaxial tension leads toa sharp texture characterizedby two
fibers, the 〈111〉//RD and the 〈100〉//RD (Fig. 7a). The developed
ideal orientations in the ϕ2 =45◦ ODF section and assuming defor-
mation by slip alone are the Rotated Brass, Copper, Goss and Cube,
with intensities of 7.8, 7.1, 6.8 and 1.3, respectively. Both scale tran-
sitions give the same trend and reproduce well the 〈111〉//RD and
〈100〉//RD fibers. But the Taylor scale transition underestimates
a little the texture. The intensities of the Rotated Brass, Copper,
Goss and Cube are, respectively, 6.5, 5.2, 5.7 and 1.7 for the Taylor
case (Fig. 7c) and 7.5, 5.9, 6.7 and 1.9 for the translated field model
(Fig. 7b), which is closer from the experimental values.
Fig. 8 the experimental and predicted textures for the TD ten-
sile test. The experimental texture is again very sharp, with the
development of the 〈111〉//TD and 〈100〉//TDfibers,with the Brass,
Rotated Copper, Rotated Goss and Cube orientations (the values of
the intensities are, respectively, 9.15, 4, 1.65 and 1.3). Again, both
scale transitions reproducewith a good accuracy the two fibers and
the four ideal orientations. The Brass orientation is slightly over
estimated in the case of the translated field model, with an inten-
sity of 10.2 (9.15 for the experimental value). The other intensities
are well reproduced.
The experimental and predicted textures for the simple shear
test are presented in Fig. 9. The equivalent strain is equal to 0.3, cor-
responding to a shear strain  =0.6. As we can see on the two ODF
sections (ϕ2 =0◦ andϕ2 =45◦) of the experimental texture, the ideal
orientations (presented in Fig. 5) are not reached at this deforma-
tion step because of the untimely rupture of the specimen. A*1 and
A*2 intensities were found similar over the deformation whereas
C intensity remains low. Small orientation densities close to A/A¯
and B/B− were also observed. Pole figures indicate that {111}
planes gradually become parallel to the plane of the imposed shear
deformation on the sample. Besides, the 〈110〉 direction gradu-
ally becomes parallel to the shear direction. Simple shear tests on
high-SFE fccmetals thatdeformbyslipalonepromoteA*1andCori-
entations [43]. Beyerlein and Tóth [44] found that silver (low SFE)
submitted to ECAE displayed a low A*1 orientation but a high A*2
orientation. They attributed these results to deformation twinning
since induced twins belong to A*2 orientations. In our work, the
twin volume fraction produced in Fe–22Mn–0.6C remains lower
than 10% (see Section 4.1) and so it is not high enough to increase
Fig. 11. Evolution of the simulated twin volume fraction for both the self-consistent transition scale and the Taylor approximation (a) RD tensile test; (b) TD tensile test; and
(c) RD shear test.
significantly theA*2 intensity. Concerningmodeling, the same shift
between the predicted orientations and the ideal ones is observed.
The components close to the A*1, C and A*2 orientations are well
reproduced by both scale transitions, but their intensities are over
estimated.
The good agreement between the experimental and simulated
textures is verified at all the deformation steps. This is shown
in Fig. 10, where the evolution of the correlation function (see
Eq. (1)) is plotted against the equivalent strain, for each test. The
correlation function determines the correspondence between the
experimental and simulated textures. If the two textures perfectly
correspond, the value of the correlation function is equal to 1.
For the uniaxial tensile and the shear tests, and for both scale
transitions, the correlation function remains close to 1 during all
the deformation. The translated field model always fit better the
experimental texture than the Taylor one. As the beginning of the
macroscopic stress–strain curves is not well fitted, the correla-
tion function decreases a little (up to 0.95–0.94). In all cases, the
predicted textures are in good agreement with the experimental
ones. Since modeling does not take into account texture due to
twinning, these results demonstrate that the texture of deformed
Fe–22Mn–0.6C is slip-dominated. This result is expected since the
twin volume fraction remains low (<10%).
4.4. Twinning kinetics
Fig. 11a–c presents the evolution of the predicted twin volume
fraction with the deformation. Few experimental data are avail-
able to compare with the predicted results. But it can be assumed
that the twin volume fraction remains below 10% at fracture of
the sample (εtrue = 0.55), at it is showed in [8,18]. As expected, the
twinning volume fraction starts to increase at εeq = 0.02 (the criti-
cal shear stress for twinning tw(h)c was adjusted to get this result in
goodagreementwith experiments). The analyzes of EBSDmeasure-
ments have showed that (i) the twin volume fraction is higher for
theRDuniaxial tension than for theTDcase (ii) the simple shear test
produces a higher twin volume fraction than in the uniaxial tensile
tests. As the Taylor assumption overestimates the stress level, the
resulting twin volume fraction is higher than for the translatedfield
model prediction. Anyway, the predicted volume fractions with
both scale transitions are in good agreementwith the experimental
features (i) 5% (translated field model) for the RD tension simula-
tion; (ii) 3.5% for the TD tension simulation; and (iii) 8.5% for the
shear simulation at 0.3 strain. The predicted twin volume fraction
increases with strain and does not exhibit any saturation whatever
the loadingpath.Otherworks achievedon lowstacking fault energy
fcc metals such as -brass [45] showed a saturating production of
deformation twinning but at larger strains (>0.3) and larger twin
volume fractions (>0.3). In our works, testing does not permit to
attain such large strains because of the fracture of the specimens.
The evolutions of the twinning activity with the deformation
are plotted in Fig. 12 from a to c, corresponding, respectively, to
the RD tensile test, TD tensile test and RD simple shear test. In each
case, twinning is activated in the earlier stages of deformation
(εeq = 0.02), resulting to a fast decrease of the grain proportion hav-
ing no activated twinning system. Fig. 12 shows that RD uniaxial
tension promotes twinning in 90% of grains and 30% of grains have
two active twin systems at 0.07–0.08 strain. In contrast, RD simple
Fig. 12. Evolution of the grain proportion exhibiting 0, 1 and 2 twinning systems for both the self-consistent transition scale and the Taylor approximation (a) RD tensile
test; (b) TD tensile test; and (c) RD shear test.
shear promotes twinning in 70% of grains. Besides, only one twin
system is active in those grains. These predicted microstructural
features are in good agreement with experimental observations
and are closely related to the polycrystal texture. Indeed, we
checked that grains belonging to the 〈111〉//RD orientation which
develops under RD and TD uniaxial tensions are well-oriented
to activate more than one twin systems. On the opposite, grains
belonging to A*1 orientation which develops under simple shear
are well-oriented to activate one single twin system. The small
discrepancies between RD and TD tension results are attributed to
the slight initial texture of the polycrystal.
In addition, twin–twin interactions inhibit the twinning activ-
ity and so reduce the twin volume fraction rate. Indeed, in good
agreement with Shiekhelsouk et al. [15], we found that the model
predicts an increase of the critical shear stress of the primary twin
system in grains having two twin active systems (see Eq. (13)). As
a result, RD simple shear which promotes single twinning leads to
a higher volume fraction than uniaxial tensions.
To analyze the predicted effect of twinning on the Hall–Petch
dynamic effect, we sketched the predicted macroscopic dislocation
Mean Free Path (MFP) Lg-tw due only to grain and twin bound-
aries, the predicted MFP Lro due only to dislocation forest and the
complete MFP Ltotal (Fig. 13a–c). These three MFP are averages
calculated over the Representative Volume Element as proposed
by [27] and used by [15]. The X-axes for the graphs in Figs. 11–13
were scaled identically to show the correlation between the MFP
and thedeformation twinning activity. The decrease of theMFPdue
to dislocation forest evolution is identical for RD tension and sim-
ple shear. However, as soon as twins appear (Fig. 11), an additional
decrease due to twinning is predicted: twins act as new barriers to
dislocationmotiongiving rise to thedynamicHall–Petcheffect. This
additional effect is stronger for RD simple shear than for RDuniaxial
tension. This faster MFP reduction is related to a higher predicted
twin volume fraction for RD simple shear than for RD uniaxial ten-
sion. From the responses of MP35N low-SFE fcc metals submitted
to simple shear and compression, El-Danaf et al. [46] suggest that
deformation twins are mainly coplanar with the active slip system
in shear deformation mode on the contrary to compression mode.
From themodeling point of view,we checked that the primary twin
system was non-coplanar to at least one active slip system. Actu-
ally, for all the loading paths studied, the predicted deformation
is dominated by multi-slip at the onset of twinning and the twin
systems are non-coplanar to at least one active slip system. Conse-
quently, twins really act as barriers to dislocationmotion as soon as
they appear. The larger twin volume fraction, the faster reduction
in MFP.
Fig. 13. Evolution of the predicted mean free path of dislocations calculated from the average over the Representative Volume Element for the RD tensile and shear tests (a)
MFP due to grain and twin boundaries Lg-tw; (b) MFP due to forest dislocations Lro; and (c) total MFP.
5. Conclusion
We analyzed the effect of monotonous loading path on texture,
deformation twinning and stress–strain response of polycrystalline
highMnTWIP steel. Experimental datawere compared topredicted
results obtained by two polycrystalline models. These two models
are based on the same single crystal constitutive equations but dif-
fer from the homogenization scheme. The translated field model,
inspired from the self-consistent approximation,was used to fit the
model parameters. As expected, the translated field model predicts
the texture, the twinning activity and stress–strain response for all
the studied loading paths in better agreement with experiments
than the Taylor model. However, the two homogenization scheme
predicts the samequalitative trends. Besides, they assessed that the
texture is mainly controlled by the crystallographic slip.
At the onset of plasticity, multi-slip dominates the deformation
and the strain hardening. We observed a predicted reduction of the
overall dislocationMFP correlatedwith the evolution of dislocation
densities which is similar for all the studied loading paths. Despite
these similarities, the texture and its evolutions strongly depend
on the loading path and is responsible for the anisotropy in defor-
mation twinning. RD and TD uniaxial tensions and RD simple shear
induce twinning in most of the grains. The initial texture is smooth
and displays grain well-oriented for twinning whatever the load-
ing path. In addition, texture development increases the number
of grains well-oriented for twinning for all the loading paths. How-
ever, uniaxial tensions favor multi-twinning in 30% of grains at the
small strain regime whereas RD simple shear favors single twin-
ning. Twin–twin intersections increase the difficulty of producing
new twins. As a result, the twin production rate and so the twin
volume fraction are higher for RD simple shear than for uniaxial
tensions. As the primary twin system is non-coplanar to at least
one active slip system whatever the loading path, twins act as new
barriers to dislocation motion as soon as they appear and reduce
the dislocation MFP, leading to the dynamic Hall–Petch effect.
The MFP reduction is responsible for the high strain hardening
of such materials. However, twin–twin intersections, intragranu-
lar stresses induced by twinning and dislocation structures play
also a role. Further investigations are required to better under-
stand the relationships between induced microstructure, internal
stresses and strain hardening in Fe–22Mn–0.6C.
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